The growing resistance against current anti-malarial drugs represents a major health challenge, thus necessitating the development of new chemotypes targeting the malaria parasite at different stages of development. We have synthesized different phenylurenyl benzamide analogues, by the reaction of anthranilamide with different phenyl isocyanate/ isothiocyanates in a single step. These compounds in the initial in vitro assay show significant inhibitory activity over the growth of Plasmodium falciparum. Two of the derivatives, RTK41 and 43 were more potent inhibitors compared to others. The potent compounds were tested in vitro on a chloroquine-resistant strain of P. falciparum, which also showed significant growth inhibition. These compounds are found to be non-toxic to the mammalian cells. These results suggest that phenylurenyl bezamide analogues are a promising class of potent anti-malarial chemotypes.
Introduction
Malaria, one of the major re-emerging parasitic diseases, is caused by protozoal parasites belonging to the genus plasmodia. Its effect has been observed more in the third world countries, with a reported estimate of upto 214 million cases and 438,000 deaths globally in 2015 (WHO 118 K C Ravindra et al. Report, 2015) . Plasmodium falciparum is the most dreaded of the five known malaria causative Plasmodium spp. Many effective drugs such as chloroquine and sulfadoxine-pyrimethamine had been in use to treat malaria, but widespread resistance towards these drugs has limited their use in recent years. This has led to the active search for other antimalarial drugs. The naturally occurring artemisinin was identified as a potent inhibitory agent and after development as a drug it has reduced malarial mortality rates to a great extent. Unfortunately, artemisinin resistance has been confirmed to be widespread in 5 countries, including; Cambodia, the Lao People's Democratic Republic, Myanmar, Thailand and Vietnam, and is predicted to spread (WHO Report, 2015) . ACTs (Artemisinin Combination Therapies) includes the combination of Artemisinin derivatives (dihydroartemisinin, artesunate and artemether) with drugs from other classes, such as;lumefantrine, mefloquine, amodiaquine, sulfadoxine/pyrimethamine, piperaquine and chlorproguanil/dapsone. ACTs are the first line of treatment for Malaria, currently, with Artemisinin mono-treatment being phased out to prevent further resistance (WHO Report, 2015) . Recent studies have focused on identifying the mechanism of this drug resistance. In one lead, mutation in the Kelch 13 (K13) propeller domain was identified as a biomarker to monitor the spread of Artemisinin resistance (Ariey et al., 2014) . Reduced clinical responses to the artemisinin combination drugs has once again led to an acceleration in the effort towards identifying potent inhibitors of the parasite growth (Andriantsoanirina et al., 2009; Carrara et al., 2009; Dondorp et al., 2009) .
The need to discover and develop new antimalarial therapeutics is overwhelming. The search for novel anti-malarial drugs against specific parasitic targets is thus a very important priority. The increasing burden caused by drug-resistant parasites has inspired investigators to hunt for novel anti-malarial inhibitors and drug targets, and to define the genetic basis of resistance to existing drugs, as a means to facilitate detection and develop novel strategies to overcome resistance. Anti-malarial drug development is based on several strategies, ranging from minor modifications of existing agents to the design of novel agents that act against new targets. Increasingly, available agents are being combined to improve antimalarial regimens. Drug efficacy, pharmacology and toxicity are important parameters in the selection of compounds for the development of new anti-malarial chemotypes.
A few years ago, extensive high throughput analysis of several chemical compounds led to the identification of more than a thousand lead molecules with potential anti-malarial activity (Gamo et al., 2010) . Since then, lead compounds from novel chemical scaffolds have been discovered.
Many existing anti-malarials target metabolic processes in Plasmodium, other novel targets have emerged, these include the pathways that control parasite invasion into host cells (Tham et al., 2015) , host immune modulators (Jortzik et al., 2015) , Na (+) homeostasis in the parasite (Vaidya et al., 2014) , mitochondrial physiology (Chalapareddy et al., 2014) , HDACs (Trenholme et al., 2014) , lipid kinases PI(4)K (McNamara et al., 2013) . To eradicate malaria, it is essential to find drugs against different stages of the parasitic life cycle , several drug molecules are being studied against the sexual stage of the parasite, which is responsible for malarial transmission (Maron et al., 2015; Le Manach et al., 2015; Almela et al., 2015; Trenholme et al., 2014; Eastman et al., 2013) , of interest also are dual inhibitors that can target the liver stage as well as the blood stage of Plasmodium (Raphemot et al., 2015) .
Some important compounds that have entered Phase II clinical trials are 1) KAE609 (Cipargamin); a spiroindolone derivative, which targets PfATP4, found through phenotypic screening, (Rottmann et al., 2010; Yeung et al., 2010) 2) KAF156; a imidazolopiperazine chemopreventative agent that is an inhibitor of the cyclic amine resistance locus (Kuhen et al., 2014) and 3) DSM265, a triazolopyrimidine-based compound is an inhibitor of dihydroorotate dehydrogenase which was discovered by high throughput screening (Coteron et al., 2011) . The other class of compounds that are in clinical trials are the derivatives or synthetic versions of known malarial chemotherapy scaffolds. OZ277 (arterolane) (Valecha et al., 2010) and OZ439 (artefenomel) (Phyo et al., 2016) are synthetic endoperoxides (related to Artemisisnin derivatives) which are in Phase II clinical trials, 4-aminoquinoline derivatives such as Ferroquine (Supan et al., 2012) and AQ13 (Mzayek et al., 2007) are also in Phase II clinical trials. Thus, increasing the diversity of anti-malarial therapeutics is of utmost importance to overcome the high rate of resistance development in malaria causing Plasmodium falciparum. Incidentally, the WHO has issued a second Global Malaria Action Plan, named "Action and investment to defeat malaria 2016-2030 (AIM) -for a malaria-free world", to contain malaria by 2030. It is thus evident that novel scaffolds for anti-malarial treatments will be extremely timely.
There are several chemotypes identified with potential anti-malarial activity based on experimental designing as well as chemical genetic screen approaches. Although, the amide linkage and the scaffold of urea (Domínguez et al., 2005; Gamo et al., 2010; Guiguemde et al., 2010; Trager and Jensen, 1976) has been hypothesized, the combination of these two functional entities have not yet been attempted. In the present study, a novel chemotype-phenylurenyl benzamide containing urea scaffold with amide linkage has been synthesized, derivitized and tested for its anti-malarial activity. Fourteen derivatives of phenylurenyl benzamide were synthesized, out of which two derivatives, show potent in vitro antiplasmodial activity against chloroquine sensitive and chloroquine resistant P. falciparum strains. Parasitemia and stage-specific development were assessed in different time points of the intraerythrocytic life cycle and compared with drug free control. The normal development of parasites till schizont stage during the course of the drug treatment indicates a possible role of these derivatives in the invasion process of new host cells. However, in-depth studies of these drugs may also provide clues of their mechanism of action that may further offer scope for improvement of their anti-malarial activity.
Materials and Methods

General Procedure for the Synthesis of Phenylurenyl benzamide Analogues
The mixture of anthranilamide and corresponding phenyl isocyanate/isothiocyante was dissolved in dry diethyl ether (1:1 equivalence) (Beaver et al., 1957) (50 ml). The reaction mixture was stirred at room temperature in presence of nitrogen as per the indicated time of reaction. The resulting solid was filtered and purified by column chromatography. 1 H nuclear magnetic resonance (NMR) spectra were recorded at 400 MHz on a Bruker AC 400 spectrometer; chemical shifts are reported in (ppm) units relative to the internal reference tetramethylsilane (Me 4 Si). All compounds were routinely checked by thin-layer chromatography (TLC) and 1 H NMR. High-resolution mass spectrometry was obtained on a Bruker Daltonics APEX II (for electrospray ionization). TLC was performed on aluminum-backed silica gel plates (Merck DCAlufolien Kieselgel 60 F254) with spots visualized by UV light. All solvents were reagent grade and when necessary, were purified and dried by standard methods. Concentration of solutions after reactions and extractions involved the use of a rotary evaporator operating at a reduced pressure. Organic solutions were dried over anhydrous sodium sulfate. Analytical results are within ±0.50% of the theoretical values. All chemicals were purchased from SigmaAldrich and were of the highest purity. The crystal structure of RTK 36 was solved by Bruker X8 APEX instrument.
Parasite Culture
Plasmodium falciparum chloroquine sensitive strain 3D7 and chloroquine resistant strain W2 were cultured continuously in human O+ red blood cell in RPMI 1640 (Invitrogen) medium supplemented with 0.5% Albumax (Invitrogen), 0.2% NaHCO 3 , 27.2 mg/lt Hypoxanthine and Gentamycin sulphate (10µg/ml). For the synchronization of parasites, cells were treated with 5% sorbitol, every 48 hrs. The protocol used for parasite culture is a modified form of standard protocol described elsewhere (Trager and Jensen, 1976) .
In vitro assay for inhibition of P. falciparum erythrocytic growth and development in the presence of RTK drugs.
The compounds were dissolved in DMSO to get a 10 mM stock solution. Synchronized P. falciparum parasites at ring stage (between 14-18hrs) were challenged with different concentration of test compounds in triplicate. Subsequently, parasites were incubated in 12-well tissue culture plate at 37 o C. Thin blood smear slides were made at different time points of intra-erythrocytic life cycle. The Giemsa stained slides were examined for counting the number of parasites in random adjacent microscopic fields.
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Percentage of infection (parasitemia) was calculated from 500 RBCs from each slide. Finally, the average percentages of the triplicate culture with standard deviation were plotted against different drug concentration. Giemsa stained slides were also used to study parasite morphology.
Mammalian Cell Culture
HeLa cells were maintained at 37°C in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (Hyclone) and appropriate antibiotics in 5% CO 2 incubator.
MTT Cytotoxicity Assay
Mammalian cells (5000 cells) were seeded in 96 well plate. The cells were treated with the inhibitor for 24 and 48 hrs. 5 hours prior to completion of the incubation, 20 µl MTT (5mg/ml stock) was added to the culture media and incubated at 37ºC for 5 hrs. The media was aspirated with the help of a needle and 200 µl of DMSO was added to solubilize the crystals. After mixing by pipetting, the cells were incubated at 37ºC for 5 mins and the absorbance was recorded at 540 nm in an ELISA reader (VERSA Max microplate reader, Molecular Devices). The values were normalized with the untreated control and plotted. Error bars in figures indicate the standard deviation.
Results
This work was initiated towards the development of newer scaffolds which could have anti-malarial activity. In accordance with this, several phenylurenyl benzamide analogues were synthesized. The reaction of phenyl isocyanate/isothiocyanates with amine, forming a urea or thiourea, is very fast and does not require any catalyst. The anthranilamide on reaction with phenyl isocyanate/isothiocyanates in diethyl ether at room temperature, gives a stable urea compound in almost analytically pure forms which is highly stable. The most interesting feature of this synthesis is that, we achieved these target molecules in a single step with a greater yield. The 2-{[(4-chlorophenyl) carbamoyl]amino}benzamide derivative; RTK36 which was crystallized (Figs. 1A and B) and confirmed for its purity, was tested on P. falciparum for assaying its inhibitory potential. 
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The anti-malarial activity of RTK36 was quantified on chloroquine (CQ)-susceptible P. falciparum strain 3D7. Highly synchronous parasites 14-18 hrs post invasion were challenged with RTK36 over a high concentration range of 50 µM to 100 µM and parasite growth was assayed at 58 and 92 hrs post invasion. Ciprofloxacin, a known, gyrase inhibitor that kills the parasites at the second life cycle (Goodman et al., 2007) was taken as the positive control. Of the six different concentrations of RTK36 tested, RTK36 at 60 µM and above was found to be highly effective in both the life cycles ( Fig. 2A, lanes  2 versus 3-8) . DMSO control had no significant effect on parasite growth (Figs. 2A, lane 2) . Ciprofloxacin exhibited potent inhibitory potential on the parasite growth at 10µM concentration ( Fig. 2A, lane 9) . To characterize the cellular effect of the drug, we observed the giemsa stained smears of the drug treated culture from different intra-erythrocyte stages of life cycle. Under RTK36 treatment, progression through the first life cycle was indistinguishable from that seen in untreated cells (Fig. 2B and C, DMSO versus treated lanes). In the second life cycle, the growth of the parasites treated with 60µM and above of RTK 36 was found to be slower in comparison to untreated parasites. The decrease in parasitemia without affecting the growth in the first life cycle suggests the incapability of parasites to invade the new host cells in the presence of RTK36. There was a 60% decline in parasitemia during first life cycle when the parasites were treated with RTK36 (70µM). Subsequently, the antimalarial activities of different derivatives of RTK36, represented in Table 1 were tested at a concentration of 70µM. RTK41 and RTK43 were found to be the most effective among all the substitutes (Figs. 3A, lanes 2 versus lane 7 and lane 9). Further characterization of the inhibitory potential of these two drugs was done at lower concentrations ranging from 15 µM to 70µM. The thiol analogue of RTK36, RTK41 showed an IC 50 value similar to the parent compound (~65 µM) (Fig. 3B) . Interestingly, RTK43 (bromo-substituent) showed a better inhibitory potential on P. falciparum growth with an IC 50 value close to ~30 µM (Fig. 3C) .
Chloroquine resistance has become a major challenge in the field of malarial chemotherapy worldwide (Wellems, 2002) . Hence, the anti-plasmodial activity of the most effective derivatives was tested on the chloroquine resistant P. falciparum strain, W2. The efficacy of RTK41 and RTK43 were tested on the W2 strain at concentrations that showed inhibitory effect on the chloroquine sensitive P. falciparum 3D7 strain growth. Significantly, both the derivatives were found to inhibit the growth of the W2 strain. RTK43 was more effective at lower concentration than RTK41 (~30 µM), (Fig. 4A and 4B , lane 2 versus 3-5). These datasets indicate promising prospects for the phenylurenyl benzamide analogues RTK41 and RTK43 as antimalarial chemotypes, which possess potent anti-plasmodial activity even on the chloroquine resistant strain. Although the untreated parasite culture showed a five-fold increase in the parasitemia, the compound treated culture exhibited an arrest as no increase in parasitemia was observed (Figs. 4A and 4B, lane 1 versus lane 5).
Since, the compounds tested produced encouraging results with the chloroquine resistant strain, the effect of the derivatives were also tested on mammalian cells to check for any apparent cytotoxicity on other cell types. Interestingly, none of the compounds tested at the concentration that kills parasites, exhibited any toxic effects on the mammalian cells, HeLa for 24 hrs (Fig. 5A ) and 48 hours (Fig. 5B) . However, the derivatives RTK41 and RTK43 showed mild cytotoxic effects at 100µM concentration at 24 hrs which also showed a timedependence as tested by MTT assay (Fig. 5A and 5B, compare lane 2 versus 3-8). By 48 hrs, the bromo analogue also led to a 50% reduction in the mammalian cell viability (Fig. 5A and 5B, lane 8). However, at the similar concentrations, a known apoptosis inducing compound, Plumbagin was used as a control which showed a dose dependent cytotoxicity (Fig. 5A and Additionally, the cellular morphology was also tested by examining the compound treated cells by performing a Hoechst staining followed by microscopic visualization of the cell nuclei ( Fig. 5C  and 5D ). Taken together, all these observations, suggest that the phenylurenyl benzamide analogues, RTK36, 41 and 43 are novel anti-malarial chemotypes which inhibit the growth of the malaria parasite, P. falciparum. The RTK36 and 41 compounds which exhibit no apparent cytotoxicity to mammalian cells also show similar anti-malarial activity, indicating their mechanism of action to be specific to the parasite. Although, the bromo analogue was found to be the most effective, it had mild cytotoxic effects.
Discussion
The existing anti-malarial drugs have been developed targeting different stages of the malarial life cycle. Most well established drug chloroquine prevents hemozoin formation (Loria et al., 1999) (Hudson, 1993) . Proguanil, which targets dihydrofolate reductase is another drug used in combination with the former two drugs (Rastelli et al., 2000) . The most successful candidate so far has been artemisinin, a component of Chinese herbal medicine, which inhibits the parasite growth very effectively (Klayman, 1985) . However, its exact mechanism of action has been controversial with reports suggesting its action on haem as well as on the digestive vacuole. Due to its short half-life, the administration of the drug has to be done more frequently. Hence, combination strategies using artemisinin were attempted. Some highly effective combinations are artemether-lumefantrine and artesunate-mefloquine (Mueller et al., 2006; Soukhathammavong et al., 2011) . One such combination that proved highly effective was the artemisinin and curcumin, which exhibited high potency against the malaria infection in mice model (Nandakumar et al., 2006) . Since, curcumin is a known histone acetyltransferase inhibitor (Balasubramanyam et al., 2004) this combination might have had better efficacy due to targeting respiratory as well as epigenetic processes. Recently, several reports worldwide have indicated reduced clinical responses in patients treated with artemisinin (Aurrecoechea et al., 2009); hence, there has been a spurt in the search for other chemotypes targeting the malaria parasite. Furthermore, the sequencing of the parasite genome, and several biochemical evidences now strongly support the stage specific expression of several proteins, such as kinases and transporters which play an important role in the parasite pathogenesis (Russo et al., 2010) . Hence, new chemotherapeutic agents should be designed based on these temporally expressed proteins.
In this study, a series of phenylurenyl benzamide analogues are synthesized and tested for in vitro antimalarial activity. The synthesis of title compounds were achieved in a single step with a yield of > 80-90%. The remarkable part of this synthesis is that the compounds thus obtained after the reactions were almost analytically pure forms. When we tested inhibitory activity against cultured P. falciparum parasites, out of fourteen compounds, only three compounds showed excellent inhibitory activity against the parasites. A striking anti-parasitic activity was exhibited by the compound RTK 43 containing urea linkage and bromo group at the para position in the phenyl ring. However, RTK 41, which has thiourea bridge and chloro group at its ortho position, was less potent than RTK43. RTK 36, which has a urea linkage and chloro moiety at para position, is less potent than RTK 41 and RTK 43. By considering the common scaffold of all three compounds, and evaluating the structure-activity relationship of these different structural analogues of phenylurenyl benzamide, it seems that the urea bridge is much more effective than thiourea linkage between amide and phenyl rings. The position of electro negative elements at the phenyl ring is very important for the activity. Interestingly, thiourea derivatives (RTK 48, 49, 50) which have electronegative elements (bromo, fluoro and chloro) at para position do not show any significance activity for example, RTK 42, which has a fluoro moiety at ortho position and RTK 37 (which does not have any electronegative element at the phenyl ring). On the other hand, the urea bridge containing compounds RTK 39 (m-methoxy), RTK 44 (p-sulphomethyl), RTK 45 (p-fluoro), RTK 46 (disubstituted, m-trifluro, pchloro), RTK 47 (p-trifluoro), did not exhibit any inhibitory activity against P. falciparum. One more interesting observation is that in spite of high structural similarity between RTK 36 and RTK 38 except for the position of chloro group, RTK 36 showed significant effect, whereas RTK38 did not. On comparing RTK 43 and RTK 36, both of them possess urea bridge between amide and phenyl rings, but the para position is occupied by bromo and chloro groups respectively. However, RTK 43 is more potent than RTK 36, which means that the less electro negative element (bromo) at para position may increase its potency, which plays an important role in the inhibition of parasites. Thus, the different chemical entities could help greatly in fine-tuning the inhibitory potential against the malarial parasites. It should be noted that this study is a preliminary attempt at characterising this novel scaffold, only halo-group (bromo, fluoro and chloro) modifications have been attempted here. Based on the current literature, retaining the urea linkage with further amide modifications can be attempted on this scaffold. Thus, a wide range of novel modifications are possible on this scaffold and could yield a lead molecule with efficacy in the nano molar range.
The effect of the phenylurenyl benzamide derivatives tested in this study on the parasite growth indicates its effect on the invasion process, i.e., entry into the second life cycle. Several kinases including 126 K C Ravindra et al.
plasmepsins have been recently identified to be expressed during the process of schizogony and invasion of new RBCs (Russo et al., 2010) . Incidentally, the parent compound RTK36 was identified in a screen for aurora kinase inhibitors and showed excellent docking to the enzyme, away from the active site or ATP binding site (data not shown). However, the interacting residues identified in this molecular modeling were found to be conserved in other kinases such as CAMK and MAPK of humans. It has been observed that, the P. falciparum kinases have several homologs to the members of the above kinases (Ward et al., 2004 ). An initial in vitro assay using the parasite lysate on histone H1 substrate in the presence of RTK41 and 43, indicates a mild hyperphosphorylation of histone H1 (Fig. S1) . Since, the parasite lysate is a rich source of several kinases; it is apparently difficult to detect any specific targets. However, the effect on the in vitro kinase assay suggests, a possible kinase target for the phenylurenyl benzamide analogues. Furthermore, the treatment of these drugs delays the parasite life cycle (Fig. 2) , with an arrest in the late trophozoite/early schizont stage at higher concentrations. This morphology is similar to the knockout of a kinase stabilizer involved in this final stage of cell proliferation (Dvorin et al., 2010) . Hence, the effect of these derivatives might be at a distinct stage of the parasite life cycle especially on kinases or kinase stabilizers.
Alternatively, in a study that performed a high throughput characterization of several chemical scaffolds, leading to the identification of many new chemotypes, a urea linkage compound with a piperidine and piperazine moiety, TCMDC 139221 was described which was hypothesized to act as a lipid amide hydrolase inhibitor (Gamo et al., 2010) . Since, the central scaffold is similar to the RTK derivatives screened, it is indeed possible that these drugs could act on the same target. Hence, these chemotypes could be used for designing potent anti-malarial drugs, since their mode of action is at distinct stage of the parasite life cycle without any apparent cytotoxicity on the mammalian cells.
Taken together, this study establishes a new chemotype, phenylurenyl benzamide. The study has explored the possibility of different chemical functional groups to identify the most efficient anti-plasmodial agent. Preliminary results suggest the role of these compounds on specific stages of P. falciparum during its intra-erythrocytic development. Moreover, with technologies available today such as nano-targeting, it could be possible to improve the bioavailability of phenylurenyl benzamide derivatives, probably increasing its efficacy. Thus, this scaffold could be exploited for identifying newer targets and efficient compounds to combat malaria. 
